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Wiskott–Aldrich Syndrome proteins (WASp) serve as important regulators of cytoskeletal organization and function. These
modular proteins, which are well-conserved among eukaryotic species, act to promote actin filament assembly in response
to cues from various signal transduction pathways. Genetic analysis has revealed a requirement for the single Drosophila
homolog, Wasp (Wsp), in cell-fate decisions governing specific neuronal lineages. We have used this unique developmental
context to assess the contributions of established signaling and cytoskeletal partners of WASp. We present biochemical and
genetic evidence that, as expected, Drosophila Wsp performs its developmental role via the Arp2/3 complex, indicating
conservation of the cytoskeletal aspect of Wsp function in vivo. In contrast, we find that association with the key signaling
molecules CDC42 and PIP2 is not an essential requirement, implying that activation of Wsp function in vivo depends on
additional or alternative signaling pathways. © 2002 Elsevier Science (USA)
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Members of the evolutionarily conserved Wiskott–
Aldrich Syndrome protein (WASp) family serve as key
mediating elements between signal transduction pathways
and functional reorganization of the actin-based cytoskel-
eton (for recent reviews, see Mullins, 2000; Higgs and
Pollard, 2001; Millard and Machesky, 2001). The amino-
terminal two-thirds of these modular proteins function as
regulatory regions, being composed of a series of subunits
that can bind and respond to various signaling molecules,
including small rho-like GTPases, tyrosine kinase signaling
elements, and phospholipids (Fig. 1). According to a gener-
ally accepted model (Miki et al., 1998; Kim et al., 2000),
association of signaling molecules with the regulatory re-
gions relieves an autoinhibitory conformation, allowing a
C-terminal domain (termed WA) to engage elements of the
cytoskeletal machinery. In particular, the WA domain in-
teracts with monomeric (G) actin and with Arp2/3, an
evolutionarily conserved complex of seven protein subunits
(Machesky et al., 1994; Welch et al., 1997). Upon activation
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260by WASp and WASp-related proteins, the Arp2/3 complex
nucleates de novo formation of microfilaments, which
arrange in extensive branched arrays (Machesky et al., 1999;
Yarar et al., 1999). Arp2/3-based polymerization of actin is
translated into forces that can reshape the cell surface,
contribute to cell motility, and provide a mechanistic basis
for propulsion of vesicles and microbial cells within the
cytoplasm (reviewed in Svitkina and Borisy, 1999; Pollard et
al., 2000; Pantaloni et al., 2001).
We have previously reported on the isolation and charac-
terization of mutant alleles of Wasp (Wsp), which encodes
the single WASp family homolog in the fruitfly Drosophila
(Ben-Yaacov et al., 2001). Analysis of the Wsp mutant
phenotype has provided a developmental context for WASp
function. Our studies have identified a surprisingly specific
developmental role for Wsp in the establishment of lineage
and cell fate, primarily during elaboration of the peripheral
nervous system. In particular, Wsp is required for proper
execution of distinct asymmetric divisions that govern the
Drosophila sensory organ lineage (for review, see Lu et al.,
2000). In Wsp mutants, sensory organ cells generally as-
sume a neuronal fate, at the expense of other cell types.
Both the nature of the Wsp mutant phenotypes and ob-
served genetic interactions suggest the Notch signaling
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pathway as a molecular context for Wsp function (Ben-
Yaacov et al., 2001).
The wide variety of interactions described for WASp
proteins leaves open the issue of the specific molecular
pathways utilized by these important elements in vivo.
Our identification of a defined developmental capacity
for a WASp family homolog enables us to address issues
of in vivo function, by assessing which of the structural
domains of this protein, and which of its potential
molecular partners, are required to carry out its develop-
mental role. We report here biochemical evidence that,
according to expectation, Wsp, the protein encoded by
the Wsp locus, associates with well-established signaling
and cytoskeletal partners of WASp-family proteins. Fur-
thermore, we present genetic evidence that Wsp operates
in vivo through its primary cytoskeletal effector, the
Arp2/3 complex. Surprisingly, we find that association of
Wsp with the established activators, CDC42 and PIP2, is
not an essential aspect of in vivo Wsp function, implying
alternative modes of activation.
MATERIALS AND METHODS
Biochemical Methods
Wsp constructs were prepared by PCR amplification with appro-
priate primers using a full-length Wsp cDNA as template, and
subcloned into RSET vectors (Invitrogen). All constructs were
sequenced to ensure fidelity of the amplification and subcloning.
Bead immobilized 6xHis-Wsp fusion proteins were prepared by
incubation of bacterial cell lysates with Ni-NTA agarose beads
(Qiagen). Beads prepared in this manner were incubated with either
G-actin (Cytoskeleton, binding assay performed as in Rohatgi et al.,
1999), bovine brain extract (kindly provided by O. Reiner), or
lysates of 293T cells transfected with CDC42 expression con-
structs, and subjected to Western immunoblot analysis using
antibodies to actin (Sigma), human Arp2/3 complex components
(kindly provided by L. Machesky), or CDC42 (Transduction Labo-
ratories), respectively. For the vesicle cosedimentation assay (Kav-
ran et al., 1998), Wsp proteins were eluted from the beads, pre-
cleared at 100,000g, incubated for 40 min at room temperature with
lipid vesicles containing 48% phosphatidylserine, 48% phosphati-
dylcholine, and 4% PI or PIP2, and centrifuged at 100,000g. Pellets
resulting from this procedure underwent Western blot analysis
using anti-6xHis antibodies (Sigma).
Genetic Methods
Rescue constructs were prepared by subcloning of the amplified
Wsp regions into the pUAST vector (Brand and Perrimon, 1993),
followed by germline transformation using standard methods (Sprad-
ling, 1986). Multiple transgenic lines were established and at least
two independent insertions of each construct were used separately
in the phenotypic rescue experiments. Expression of the transgenic
Wsp constructs was ascertained following crosses of the various
lines to the engrailed-GAL4 driver line (see Flybase (http://
flybase.bio.indiana.edu/) for details concerning all fly stocks de-
scribed) and detection of an engrailed striped expression pattern in
progeny embryos following immunostaining with anti-Wsp anti-
bodies (Ben-Yaacov et al., 2001). Phenotypic rescue of Wsp1/
Df(3R)3450 flies was attempted following introduction of both the
UAS-Wsp constructs and the ubiquitous drivers armadillo-GAL4
and T80-GAL4 into this mutant background. Similar expression of
all UAS-Wsp constructs described here in a wild-type background
has no noticeable effect on viability or on the pattern and develop-
ment of sensory organs. Mosaic head clones were obtained in
ey-FLP; Arpc1Q25sd FRT40A/l(2)cl-L31 FRT40A and ey-FLP; FRT42D
sktl20/FRT42D l(2)cl-R111 flies.
FIG. 1. Structure of Wsp, the Drosophila WASp homolog. The domain structure of Drosophila Wsp fully resembles its mammalian
homologs (Ben-Yaacov et al., 2001; Higgs and Pollard, 2001). Residue numbers at the boundaries of major domains are indicated. Key
molecules shown to interact with mammalian WASp are shown above the Wsp schematic. Boxed domains include: an N-terminal region
homologous to the EVH1 domain found in VASP/MENA proteins (also known as WH1), which binds the proline-rich WASp Interacting
Protein (WIP; Ramesh et al., 1997); the regulatory region, which contains separate binding sites for PIP2 (B, basic region), GTP-bound
CDC42 (GBD, GTPase binding domain) and a proline-rich (PR) region that binds various SH3-domain proteins and profilin; and the
C-terminal WA effector domain (also known as WH2), which contains binding sites for monomeric actin (V, verprolin homologous) and the
Arp2/3 complex (C, central region; and A, acidic tail).
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Tissue Preparation, Staining, and Examination by
Microscopy
Adult cuticles were prepared by warming to 50°C for 10 min in
10% NaOH, to aid in removal of soft tissue, mounted in Hoyer’s
medium, examined, and photographed with a Zeiss Axioplan
microscope. Pupal heads (60 h old) were dissected and stained as
described (Ben-Yaacov et al., 2001). Primary antibodies used in-
cluded an anti-ElaV mouse monoclonal (Developmental Studies
Hybridoma Bank, used at a 1:10 dilution), and rat anti-Su(H) (Gho
et al., 1996; used at a 1:1000 dilution). Fluorescent images were
collected by using a Bio-Rad MRC-1024 confocal system, using an
Argon/Krypton mixed gas laser, and mounted on a Zeiss Axiovert
microscope. Adult heads were prepared for scanning electron
microscopy (using a JEOL JSM-6400 microscope) by dehydration in
an ethanol series, critical-point drying, and sputter coating with a
gold film. All images were prepared for publication by using Adobe
Photoshop.
RESULTS
Conserved Associations of Wsp with Established
Cytoskeletal Partners
We have employed a combination of biochemical and
genetic experimental approaches, based on a series of Wsp
constructs, in which key functional domains have been
manipulated or omitted. These constructs were studied in
two major ways: (1) Bacterially expressed 6xHis-tagged-
fusion versions were tested for their ability to interact with
effector molecules in solution. (2) Utilizing the GAL4-UAS
system for regulated in vivo expression of Drosophila genes
(Brand and Perrimon, 1993), we assessed the capacity of
transgenic copies of the Wsp constructs to rescue the
developmental defects characteristic of a Wsp mutant back-
ground.
We first sought to determine whether Drosophila Wsp
function involves the same cytoskeletal machinery through
which WASp operate in other systems. Pull-down assays
using 6xHis-Wsp proteins constructs (Fig. 2A) immobilized
on Ni-NTA agarose beads demonstrated that full-length
Wsp associates with pure monomeric (G) actin (Fig. 2B).
This association could be repeated by using the C-terminal
WA domain of Wsp, while the regulatory N-terminal half of
Wsp failed to interact with G-actin. These observations are
consistent with the mapping of the G-actin binding region
of mammalian WASp to the WA domain, and in particular,
to the verprolin-homologous sequences within this region
(Machesky and Insall, 1998; Higgs et al., 1999; Rohatgi et
al., 1999).
Using a similar experimental approach, we determined
that the WA domain of Wsp is capable of associating with
the endogenous Arp2/3 protein complex (Fig. 2C). Mamma-
lian cell-extract material pulled down by bead-immobilized
FIG. 2. Wsp interacts with cytoskeletal elements via the WA domain. (A) Structure of the 6xHis-tagged Wsp constructs used in G-actin
and Arp2/3 pull-down assays. FL, full length Wsp; N, N-terminal half of Wsp (residues 1–267); WA, C-terminal effector domain of Wsp
(residues 427–526). (B) G-actin binds to the WA domain of Wsp. Equal amounts of bacterially expressed 6xHis-tagged Wsp constructs were
immobilized on Ni-NTA agarose beads and incubated with pure monomeric actin. Following low-speed centrifugation, G-actin bound to
the bead pellets (P) or remaining in the supernatants (S) was assayed by immunoblotting with anti-actin antibodies. (C) The Arp2/3 complex
associates with the WA domain of Wsp. Bead-immobilized Wsp constructs were incubated with a bovine brain extract, and material bound
to the beads was subjected to Western blot analysis using antibodies specific to three components of the Arp2/3 complex, Arp2, Arp3, and
p34/ARPC2 (Machesky and Insall, 1998). Asterisks mark the appropriately sized Arp complex-specific bands (anti-p34 consistently
recognized two bands in our preparations).
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Wsp WA contained at least three components of the Arp2/3
complex (Arp2, Arp3, and ARPC2/p34), as determined by
antibodies specific to these proteins. The anti-ARPC2 anti-
bodies identified an appropriately sized band in material
obtained by Wsp WA pull-down from Drosophila sources as
well (data not shown). Arp2/3 complex subunits did not
interact with the N-terminal half of Wsp in this assay.
Taken together, these binding experiments suggest that
Drosophila Wsp interacts with the universal WASp-family
cytoskeletal effectors, G-actin and the Arp2/3 complex, and
that this association is carried out via the conserved
C-terminal WA domain.
Wsp Functions in Vivo via its Association with the
Arp2/3 Complex
A genetic approach was employed, in parallel, to deter-
mine the in vivo requirement for the cytoskeleton-
interacting domain of Wsp. Zygotic mutations in Wsp
result in pharate adult lethality, in which the single clear
morphological abnormality is a pronounced lack of mech-
anosensory bristles, the external manifestations of sensory
organs, on most regions of the adult cuticle (Ben-Yaacov et
al., 2001). Ubiquitous expression of a transgenic construct
based on the full-length Wsp cDNA (FL; Fig. 3A) fully
restores viability and normal sensory organ development in
flies bearing loss-of-function mutations in both copies of
the Wsp gene (Fig. 3B). However, a similar construct, which
produces a protein lacking only the C-terminal 30 residues
(CA), completely fails to rescue the Wsp bristle-loss phe-
notype (Fig. 3B), as well as late-pupal lethality. Since the
missing residues correspond to most of CA, the Arp2/3-
binding portion of the WA domain, this finding implies that
association with Arp2/3 is essential for normal Wsp func-
tion. A construct lacking only the (primarily acidic) ex-
treme C-terminal 15 residues (A), while unable to rescue
Wsp lethality, partially restores the bristle-loss phenotype
(Fig. 3B). This finding suggests that a significant degree of
functional association with the Arp2/3 complex is medi-
ated via the central (C) region of the cytoskeleton-
interacting domain, which is retained in the A construct.
Interestingly, a transgenic construct expressing the full Wsp
FIG. 3. The WA domain is required but not sufficient for Wsp in vivo function. (A) Structure of the UAS-Wsp constructs used in the
Arp2/3-related phenotypic rescue assays. FL, full length Wsp; CA, a construct lacking most of CA, the Arp2/3 binding portion of the WA
domain (residues 497–526); A, a construct lacking the acidic residue stretch at the end of the WA domain (residues 512–526); WA, isolated
C-terminal effector domain of Wsp (residues 427–526). (B) Photographs show bristle arrangement on magnified portions of abdominal
segments of adult flies. Comparison of wild-type (WT) and Wsp1/Df(3R)3450 (Wsp) adult cuticles demonstrates the Wsp bristle-loss
phenotype. Rescue of Wsp1/Df(3R)3450 flies harboring a UAS-FL transgene (FL) and driven by the ubiquitous armadillo-GAL4 driver is
readily observed. Similar expression of UAS-CA (CA) and UAS-WA (WA) in a Wsp1/Df(3R)3450 mutant background has no noticeable
effect, while using UAS-A (A) provides for significant restoration of the bristle pattern. Scale bar, 100 m.
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WA domain alone completely fails to rescue aspects of the
mutant phenotype (Fig. 3B), demonstrating that this key
domain is necessary but not sufficient for Wsp in vivo
function.
A complementary genetic experiment was designed to
determine whether Arp2/3 function is indeed required for
the Wsp-mediated process of sensory organ development
(Fig. 4). Toward this end, we made use of strong loss-of-
function alleles of Arpc1, the Drosophila homolog of the
gene encoding the ARPC1/p41 subunit of the Arp2/3 com-
plex (Hudson and Cooley, 2002). Unlike Wsp, zygotic mu-
tants for Arpc1 do not survive to adult stages. We therefore
made use of the eyeless-FLP-FRT system (Newsome et al.,
2000) to generate mosaic Arpc1 heterozygous flies, in which
head capsule structures and cuticle are derived from large
homozygous mutant clones induced in the eye imaginal
disc. Compared with wild type (Fig. 4A), Arpc1 mosaic
heads exhibit a pronounced loss of external sensory organ
structures, which include both the bristle-shafts and the
socket structures from which they emanate (Fig. 4E). This
smooth cuticle phenotype is a highly characteristic feature
of Wsp mutant animals (Fig. 4C). To establish the develop-
mental basis for the Arpc1 bristle-loss phenotype, we dis-
sected and immunostained pupal mosaic heads using two
informative sensory organ markers: Suppressor-of-Hairless
[Su(H)], which specifically accumulates in socket cells (Gho
et al., 1996), and the neuronal-specific nuclear antigen ElaV
(Robinow and White, 1991). In wild-type flies, each sensory
organ lineage gives rise to five distinct cell types, including
a single neuron and a single socket cell (Hartenstein and
Posakony, 1989; Gho et al., 1999; Reddy and Rodrigues,
1999; Fig. 4B). In Arpc1 mosaics (Fig. 4F), a clear preponder-
ance of ElaV-positive neurons is observed, coupled with a
marked decrease in the number of cells expressing the
socket cell marker Su(H), highly similar to the cell-fate
transformation characteristic of Wsp mutants (Fig. 4D).
An abnormal, Wsp-like distribution of cell fates, in which
excess neurons develop at the expense of other cell types, is
therefore observed within the sensory organ lineages of
Arpc1 mosaics. This finding significantly supports our
assertion that the functional requirement for Drosophila
Wsp during cell-fate specification is mediated via the
Arp2/3 complex, and is thus likely to involve reorganiza-
tion of the actin-based cytoskeleton.
The Conserved Association between Wsp and
CDC42 Is Not Essential for Wsp Function
The small GTPase CDC42 is considered a primary acti-
vator of mammalian WASp (Miki et al., 1998; Rohatgi et al.,
1999; reviewed in Carlier et al., 1999). The GTPase binding
domain (GBD) of WASp, which encompasses the CDC42
binding site and flanking sequences, is well conserved in
the Drosophila homolog (Ben-Yaacov et al., 2001; Fig. 5B),
and we had previously shown that Wsp interacts with
activated (GTP-bound) rho-like GTPases, with a strong
preference for CDC42 (Ben-Yaacov et al., 2001). We con-
firmed and extended this observation using pull-down as-
says in which various Wsp constructs (Fig. 5A) were reacted
with either wild-type CDC42 or a mutant form (G12V,
referred to as CDC42act), which mimics the active, GTP-
bound state (Qiu et al., 1997). Full-length Wsp strongly
interacts in this assay with CDC42act, but not with wild-
type CDC42 (Fig. 5C). The interaction can be repeated using
only the N-terminal half of Wsp, but not with the
cytoskeleton-interacting WA domain.
To confirm that the Wsp-CDC42act interaction maps to
the GBD, two additional 6xHis-Wsp constructs were gener-
ated (Figs. 5A and 5B). The H242D variant, in which a
crucial histidine within the GBD is replaced with an
aspartate residue, was fashioned after a similar mutant
which disrupts the interaction of mammalian WASp with
activated CDC42, and which has been extensively used in
studies of CDC42 regulation of mammalian WASp (Miki et
al., 1998; Rohatgi et al., 1999). The second construct
(CRIB), harbors a deletion of the 14-residue CRIB domain,
which constitutes the core sequence of the GBD in small
GTPase binding proteins (Burbelo et al., 1995; Pirone et al.,
2001). The association between Wsp and CDC42act observed
in the pull-down assay is abolished by either disruption of
the GBD (Fig. 5C). These observations demonstrate that the
nature of the physical association between activated
CDC42 and WASp is well conserved by the Drosophila
homolog.
Having established that Wsp interacts with CDC42 in a
manner indistinguishable from its mammalian counter-
parts, we sought to determine the functional significance of
the Wsp–CDC42act association. Toward this end, we gener-
ated transgenic fly lines harboring Wsp constructs in which
the GBD was mutated as above, and thus should lack the
ability to bind CDC42act (Fig. 6A). Surprisingly, introduc-
tion and expression of these constructs in a Wsp mutant
background fully rescues the pupal lethality and bristle-loss
phenotypes of Wsp mutant flies (Fig. 6B), similar to the
rescue achieved when using a wild-type construct. This
result suggests that association, and presumably, activation
of Wsp by CDC42 is not essential for its function during
Drosophila development. Unfortunately, we cannot di-
rectly assess the consequences of reducing CDC42-based
signaling in this system, since large adult cuticle clones of
strong Drosophila CDC42 alleles cannot be obtained
(Genova et al., 2000).
PIP2-Based Activation Is Not Essential for Wsp
Function
The ability of Wsp to perform its in vivo roles in the
apparent absence of an association with CDC42act implies
the presence of an alternative activating element. Recent
studies have identified phosphatidylinositol 4,5-bis-
phosphate (PIP2) as an important phospholipid activator of
mammalian WASp, acting in this capacity on its own or in
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concert with CDC42 (Higgs and Pollard, 2000; Prehoda et
al., 2000; Rohatgi et al., 2000). We therefore examined the
feasibility of PIP2 as an independent or parallel activator to
CDC42 in the Drosophila system.
Using a vesicle cosedimentation assay, we first deter-
mined that the N-terminal regulatory half of Wsp preferen-
tially associates with PIP2 in comparison to PIP (Fig. 7B), a
profile demonstrated for mammalian WASp. The interac-
tion of PIP2 with mammalian WASp is achieved through a
short stretch of basic residues, found just upstream of the
GBD (Prehoda et al., 2000; Rohatgi et al., 2000). A similar,
albeit shorter, domain is found at the same position in
Drosophila Wsp (Fig. 5B). The preferential association of
the Wsp N-terminal half with PIP2 is abolished upon
removal of this basic sequence (Fig. 7B), demonstrating
conservation of the phosphoinositide binding site in the
fly homolog.
The functional significance of the PIP2-binding site
was assessed following generation of transgenic flies
harboring a Wsp construct that differed from the full-
length form by removal of the basic region (Fig. 8A). This
construct was capable of fully rescuing the pupal lethal-
ity and sensory organ defects of Wsp mutant flies (Fig.
8B), suggesting that association of Wsp with the PIP2
FIG. 4. The Arp2/3 complex subunit Arpc1 is required, like Wsp, for cell-fate specification in sensory organs. Scanning electron
micrographs (SEMs) of adult heads (left column) and confocal micrographs of stained preparations of 60-h-old pupal heads (right column)
of wild-type (A, B) and Wsp1/Df(3R)3450 flies (C, D), and of mosaic clones in (E) and (F), ey-FLP; Arpc1Q25sd FRT40A/l(2)cl-L31 FRT40A flies.
SEMs reveal a pronounced loss of head and interommatidial (eye) bristles in both Wsp and Arpc1 mosaics. Pupal heads were stained for the
neuronal nuclear marker Elav (green) and the socket-cell cytoplasmic marker Su(H) (red). In wild-type pupae (B), pairs of Elav and
Su(H)-positive cells mark the position of sensory organs (arrowheads) which will give rise to bristles. In both Wsp mutants (D) and Arpc1
mosaics (F), an excess number of neurons is specified (arrows), while socket cell number is strongly reduced. A small, variable number of
properly differentiated sensory organs is observed in both Wsp and Arpc1 mutants (see also Ben-Yaacov et al., 2001). The positions of the
ocelli light-sensing organs (oc) are indicated for orientation. Scale bar, 100 m.
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activator is not essential for its in vivo function. Further-
more, the possibility that association with either PIP2 or
CDC42act alone is sufficient for Wsp function is negated
by the full phenotypic rescue achieved using a modified
construct, B-H242D (Figs. 8A and 8B). This construct
not only lacks the basic region, but also harbors the
H242D point mutation, and therefore should lack the
ability to bind either activator.
We sought to complement the phenotypic rescue results
by compromising PIP2-based signaling activity, and assess-
ing the subsequent effects on adult sensory organ develop-
ment. Toward this end, we examined the phenotypic con-
sequences of eyeless-FLP induced mosaics of a strong loss-
of-function allele of skittles (sktl), sktl20 (Hassan et al.,
1998), which encodes one of three isoforms of Drosophila
PIP5 kinase (Morrison et al., 2000), a key enzyme in the
major biosynthetic pathway for PIP2. Although disruption
of sktl function has wide-ranging effects on Drosophila
development (Hassan et al., 1998), we find that the bristle
pattern in large sktl20 head clones is mildly affected, if at all
(Fig. 8C). This observation indicates that reduction of
PIP2-based signaling does not interfere with sensory organ
FIG. 5. Wsp interacts with activated CDC42 via the GBD. (A) Structure of the 6xHis-tagged Wsp constructs used in CDC42 pull-down
assays. FL, N, and WA, as in Fig. 2. H242D, full-length Wsp variant in which histidine242 (within the GBD) is replaced by an aspartate
residue. CRIB, full-length Wsp variant in which the core CRIB domain of the GBD (residues 234–247) is deleted. (B) Sequence alignment
of Drosophila Wsp (residues 212–256) and bovine N-WASp (residues 181–225; Miki et al., 1996), demonstrating the close sequence
similarity within the CDC42 and PIP2 binding sites of the regulatory region. The 14-residue CRIB domain deleted in the CRIB constructs
is boxed, and an arrow indicates the critical histidine242 residue. The boxed six-residue sequence designated B encompasses the stretch of
basic residues crucial for binding of PIP2 (see Fig. 7). (C) Binding of CDC42 to Wsp requires an intact GBD. Equal amounts of
bead-immobilized Wsp constructs were incubated with lysates of 293T cells expressing wild-type human CDC42 (left) or the constitutively
active variant CDC42G12V (CDC42act), which mimics the GTP-bound state (right). CDC42 pelleting with the centrifuged beads (P) or
remaining in solution (S) was assayed by immunoblotting with anti-CDC42 antibodies.
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development and is consistent with the apparent absence of
a requirement for PIP2 in activating Wsp. Taken together,
the observations described here imply that association with
the major established in vitro activators of WASp, PIP2 and
CDC42act, is not essential for the developmental roles
carried out by the fly homolog, Wsp.
DISCUSSION
Conservation of the Cytoskeletal Aspect of Wsp
Function in Vivo
The results reported above provide a detailed assessment
of the molecular pathway through which a WASp family
homolog, Drosophila Wsp, performs essential in vivo func-
tions. Wsp is specifically required during cell-fate decisions
in neural lineages (Ben-Yaacov et al., 2001), and the evi-
dence presented here suggests that this unanticipated func-
tion involves established cytoskeletal partners of WASp,
and in particular, the Arp2/3 protein complex. Our binding
studies demonstrate a capacity for Wsp to directly associate
with monomeric actin via WA, the C-terminal cytoskeleton-
interacting domain present in all WASp and WASp-related
proteins (Higgs and Pollard, 2001). In parallel, the WA domain
of Wsp is shown to interact with components of the Arp2/3
complex, the primary downstream target of signal transduc-
tion pathways operating through WASp family proteins (Ma-
chesky and Insall, 1999). The in vivo significance of these
associations, which are characteristic of WASp elements in
general, is demonstrated by a dual genetic approach. The final
30 residues at the C-terminal end of the WA domain of Wsp
prove necessary for rescue of Wsp mutant phenotypes, while
mutations in the Arp2/3 complex subunit Arpc1 lead to
cell-fate transformations and neuronal excess during sensory
organ development, a distinct, Wsp-like phenotype. Taken
together with the binding studies, these genetic observations
imply that engagement of the cytoskeletal machinery via the
C-terminal WA domain is an essential aspect of Wsp function
in vivo.
Several additional inferences can be drawn from the
reported results, regarding the mechanism by which the
cytoskeleton-interacting domain of Wsp operates. We note
that significant function is retained after removal of the
extreme C-terminal 15 residues, corresponding to the A
(acidic) portion of the WA domain. This observation sug-
gests that the remaining WA sequences, comprising the
FIG. 6. Mutations in the Wsp GBD do not interfere with in vivo function. (A) Structure of the UAS-Wsp constructs used in the
CDC42-related phenotypic rescue assays. FL, full length Wsp; H242D, full-length Wsp variant in which histidine242 (within the GBD
domain) is replaced by an aspartate residue; CRIB, full-length Wsp variant in which the entire CRIB domain (residues 234–247) is deleted.
(B) Comparison of wild-type (WT) and Wsp1/Df(3R)3450 (Wsp) adult cuticles demonstrates the Wsp bristle-loss phenotype. Restoration of
the wild-type pattern in a Wsp1/Df(3R)3450 mutant background is achieved by ubiquitous (armadillo-GAL4 driven) expression of the
UAS-FL transgene (FL). Similar expression of the UAS-H242D (H242D) and UAS-CRIB (CRIB) transgenic constructs, which are incapable
of binding CDC42, completely rescues the Wsp mutant phenotype. Scale bar, 100 m
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so-called central (C) domain, contribute significantly to the
functional interaction with Arp2/3, and is in good keeping
with a recent study highlighting the importance of the C
domain in WASp-based activation of the actin-nucleating
activity of Arp2/3 (Hu¨fner et al., 2001). A second notewor-
thy aspect is the inability of the full Wsp WA domain to
rescue Wsp mutant phenotypes on its own, even though
biochemical studies have repeatedly demonstrated consti-
tutive Arp2/3 activation by the isolated WA domains of
various WASp and WASp-related proteins (Machesky et al.,
1999; Rohatgi et al., 1999; Winter et al., 1999). This
observation implies that N-terminal regions absent from
the truncated protein play important in vivo roles, beyond
their established capacity to relieve a self-inhibitory con-
formation. These may include proper localization of the
activated protein to specific cellular sites of function, as has
been proposed elsewhere (Moreau et al., 2000).
The cellular mechanism by which Wsp influences lineage
decisions during Drosophila development remains un-
known. The data presented here strongly suggest that the
functional requirement for Wsp is mediated via the Arp2/3
complex, thereby implying that Wsp-dependent cell-fate
specification involves reorganization of the actin-based
cytoskeleton. It remains to be seen just how this intriguing
connection between the cytoskeletal machinery and a key
developmental mechanism is carried out.
The Signaling Aspect of Wsp Function
In contrast to the demonstration of a functional con-
nection in vivo between Wsp and the established cy-
toskeletal partners of WASp proteins in general, our data
suggest that association with the major established acti-
vators of WASp, the small GTPase CDC42 and the
phosphoinositide PIP2, is not essential for the develop-
mental roles carried out by the Drosophila WASp ho-
molog. Characterization of the prototype WASp as a
CDC42-binding protein is a longstanding observation
(Aspenstro¨m et al., 1996; Kolluri et al., 1996; Symons et
al., 1996), and a functional connection between CDC42
activation of WASp elements and reorganization of the
actin cytoskeleton via Arp2/3 has been firmly established
(Miki et al., 1998; Rohatgi et al., 1999). Association with
PIP2 (Miki et al., 1996) has gained recent prominence as
an alternative activating mechanism of WASp, while
optimal activation is achieved by the combined action of
both signaling molecules (Higgs and Pollard, 2000; Pre-
hoda et al., 2000; Rohatgi et al., 2000). We show here that
the Drosophila Wsp protein interacts with both CDC42
(in its activated state) and PIP2, and that this association
maps to the well-conserved domains identified and char-
acterized as the CDC42 and PIP2 binding sites in WASp.
Elimination of these sites, however, does not interfere
with the ability of Wsp transgenic constructs to rescue
Wsp mutant phenotypes, suggesting that association
with these elements, either separately or in combination,
is not an essential aspect of Wsp function during Dro-
sophila development.
Several issues are raised by these unexpected observa-
tions and warrant further discussion. One matter is the
basis for evolutionary conservation of the activator binding
sites, despite the absence of an essential developmental
role. This situation is not without precedence (see, e.g., Su
and Kiehart, 2001), and may indicate that the conserved
sites function in a relatively subtle context, which the
phenotypic studies have failed to identify. A second, cardi-
nal issue is the implications these findings have on our
understanding of the Wsp molecular pathway. In particular,
the possibility that elements other than CDC42 and PIP2
contribute significantly to Wsp activation must be consid-
ered. Elements of tyrosine-kinase signaling pathways con-
stitute possible alternative candidates, as several such mol-
ecules have been shown to associate with and activate
WASp (Banin et al., 1996; She et al., 1997; Rohatgi et al.,
2001). This contribution could act in concert with the
functions performed by CDC42 and PIP2, but may well
provide the primary activating signal in this particular in
FIG. 7. Wsp interacts with PIP2 via the basic domain of the
regulatory region. (A) Structure of the 6xHis-tagged Wsp constructs
used in vesicle cosedimentation assays. N, N-terminal half of Wsp
(residues 1–267); NB, similar construct lacking a six-residue
stretch within the basic region (see Fig. 5B). (B) Purified Wsp
constructs were incubated with lipid vesicles containing either PIP
or PIP2, followed by cosedimentation at 100,000g. Pellets were
analyzed by Western blots for the presence of the Wsp fusion
proteins using anti-6xHis antibodies. (Left) The intact N construct
cosediments with PIP2-containing vesicles, while its association
with PIP vesicles is at background (-) levels. (Right) The NB
construct, lacking the short basic region, does not exhibit prefer-
ential affinity towards PIP2 vesicles, as measured by this assay.
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vivo setting. Our observations thus suggest caution in
drawing inferences from in vitro studies, and underscore
the need for further work, with particular emphasis on
genetic screens designed to identify additional, physiologi-
cal activators of the Wsp pathway.
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